Paclitaxel is a diterpenoid pseudoalkaloid, isolated from Taxus brevifolia, and is largely used as an antitumoral drug. The formulation of paclitaxel known as Taxol Ò employs a mixture of Cremophor EL and dehydrated ethanol, due the low drug water solubility. However, Taxol Ò causes some unwanted side effects due to the presence of Cremophor EL and ethanol in the formulation. Based on this, there is a need for the development of drug delivery systems to enhance the solubility, permeability and stability of paclitaxel and to promote a controlled and targeted delivery for better therapeutic effect and reduced side effects. In addition, the drug has been qualitatively and quantitatively analyzed in different delivery systems. In this context, several approaches were reported focusing on the optimization of analytical methods and development of new ones, considering the need of a fast, simple, with enough sensibility and selectivity assay, which can be a problem in some analysis. This review presents a summary of methods used in quantification of paclitaxel in different matrices, such as plasma, urine, plant extract, cells and delivery systems. KEYWORDS Analytical methods; drug delivery systems; paclitaxel; physicochemical properties
Introduction
Paclitaxel (PTX) is a diterpenoid pseudoalkaloid, composed by a taxane ring and an N-benzoylphenylisoserine group, with molecular formula C 47 H 51 NO 14 , corresponding to molecular weight of 853 Da and is a precursor drug of the class of taxanes, stabilizing agents of microtubules. [1] This drug was first discovered from the bark of the Pacific yew Taxus brevifolia in 1963, showing promising results in preclinical studies against many tumors. This discovery was part of a National Cancer Institute program, which aims for the bioprospection of thousand plants looking for anticancer activity. [2] In 1971, the drug was isolated from the yew tree extract and its chemical structure was elucidated by Dr Monre Wall of the "Research Triangle Institute" and Dr Mansukh Wani and collaborators. [3] Its structure differed from all other taxanes essentially because it possesses a complex C-13 side chain attached to the taxane ring, essential for its antitumor action (Figure 1 ). In 1979, an unique mechanism of reaction was identified, focusing the attention of the pharmaceutical field to paclitaxel, reviving the interests that was further stimulated when impressive activity was demonstrated in the National Cancer Institute tumor screening. [4] Despite having a high anticancer activity, its development on an industrial scale was quite complicated. One of the problems encountered was related to its low solubility in water and to the fact that the drug was isolated in a very low yield from a low-growing and slow-growing tree. [5, 6] To solve the problem of the low solubility of PTX in water, in its formulation was added ethanol and polyethoxylated castor oil "Cremophor EL"
(1:1). This solution not only showed positive clinical results, but also revealed negative effects in the long term. The elevated levels of the surfactant Cremophor EL required for PTX administration cause undesirable side effects, such as hypersensitivity reactions. [7] In 1992, PTX was approved by the Food and Drug Administration (FDA) for the treatment of ovarian and breast cancer, with good clinical results. [8, 9] There has been an increasing demand for this drug and is currently considered one of the most important anticancer drugs in the clinic for the treatment of ovarian, breast and lung cancer, as well as in the treatment of Kaposi's sarcoma (AIDS-related) in association with cisplatin. [10] The drug suffers an extensive P-450 (isoenzyme CYP3A and CYP2C) mediated hepatic metabolism and less than 10% drug in the unchanged form is excreted in the urine. [14] Most of the drug is excreted in the feces and more than 90% of the PTX binds rapidly and extensively to plasma proteins. [1, 15] In rats, the highest concentration of the drug was found in the lung, liver, kidney and spleen and was basically excluded from the brain and testes after an infusion of 6 hours. [13] Mechanisms of action PTX has a mechanism of action that differs from most cytotoxic agents. This drug does not interact directly with nuclear components (DNA and RNA), unlike some other chemotherapeutic drugs. [16] The main site of action paclitaxel is the microtubules, however, unlike the vinca alkaloids or colchicine derivatives, which induce depolymerization of the microtubules, paclitaxel acts during the mitotic phase of cell division and promotes the polymerization of the tubulin proteins and their assembly, resulting in the stabilization of microtubules and block the cell cycle, with consequent cell death. [17] Microtubules are one of the major components of the cytoskeleton of eukaryotic cells where they play several important cellular functions. [18] They are fundamental in the development and maintenance of cell shape, in the transport of vesicles, mitochondria and other components in the intracellular environment, cell signaling and mitotic spindle formation during cell division. [19] [20] [21] Structurally, the microtubules are made up of 13 longitudinally aligned tube-shaped tubes. Each linear protofilament consists of several heterodimers of alpha and beta tubulin. [21] [22] [23] The microtubules consist of a positive (C) end terminating with a beta tubulin and a negative (¡) terminus ending with an alpha tubulin subunit. [10] One of the characteristic features of microtubules is their ability to shorten and lengthen in a stochastic fashion through loss or addition of a/b-tubulin heterodimers from microtubule ends, a phenomenon referred to as "dynamic instability." [10, 18] Dynamic instability is mediated by the exchange of guanosine triphosphate (GTP)/guanosine diphosphate (GDP), therefore the a-subunit of tubulin binds irreversibly to GTP reaching the appropriate configuration for microtubule polymerization, while the b-subunit of tubulin establishes a reversible binding with GTP or GDP, leading respectively to polymerization or depolymerization of the microtubule. The two ends of each microtubule have very different dynamic characteristics. The positive end shows more dynamism than the negative end. Because of these differences, the microtubules of mitotic spindle are constantly polymerizing at the positive ends and depolymerizing at the negative ends. [24] This regulation of the microtubules affected by the cells involves several endogenous cellular proteins and is a fundamental requirement for the various cellular activities to occur. The microtubules dynamics are higher in the mitotic phase and it is at this stage that the stress and formation of the kinetochore are substantial for a correct fixation, separation and segregation of chromosomes. The dynamic capacity of microtubules depends, among other factors, on the different isotypes of a and b tubulin and on the interaction with proteins that interact with microtubules, the microtubule-associated proteins (MAPs). There are MAPs capable of stabilizing the microtubules (MAP4 and Tau) and MAPs with destabilizing action of the microtubules (proteins of the stathmin family). [24] Taxanes and other Microtubule-Stabilizing Agents (MSA) can bind to the b-subunit of tubulin in the lumen of the polymerized microtubules, causing microtubular dynamic suppression and stabilization thereof. Thus, mitosis ends up being interrupted by cell accumulation in the G2/M phase of the cell cycle, which, in turn, prevents cell division and consequent proliferation of neoplastic cells. [25] The effect of MSA on microtubules not only affects the progression of the cell cycle, but also causes changes in signaling pathways, such as apoptosis.
Despite these highly visible morphological changes, the mechanism of cell death is not completely known. Cell death depends on drug concentrations and the time of cell exposure. Additionally, it has been found that PTX can cause cell death independently of the occurrence of mitosis. It can bind to the Bcl-2 protein, which regulates apoptosis and induces phosphorylation and through a complex process that leads to cell death. However, the tendency of PTX to bind to this protein is less than to bind to tubulin. [26] Drug delivery systems Several delivery systems can be employed for PTX loading, such as liposomes, polymeric nanoparticles, micelles, dendrimers, inorganic nanoparticles, carbon nanotubes, hydrogels and cyclodextrin nanoparticles. [27] Based on this, nanocarriers have attracted increasing attention in recent years, especially for cancer therapies due to several advantages over the standard therapy.
Among the advantages of nanocarriers for PTX delivery, the most important are the following: nanoparticles can improve the solubility of this drug, they are small, facilitating delivery of the drug to the tumor because of permeability and retention (EPR) effect and they can escape the recognition of reticuloendothelial system (RES) because of steric hindrance caused by PEGylation, which reduces the side effects of the drug consequently improving the pharmacokinetic profiles of the drug from nanocarriers. [27, 28] Yang and collaborators [29] developed a PEGylated liposomal of paclitaxel with the purpose of improving the solubility of PTX as well as the physicochemical stability of liposome in comparison to the current Taxol Ò formulation. The results showed the PEGylated liposomes increased the biological halftime of PTX and decreased the uptake in the liver, spleen and lung while increasing the uptake in tumor tissues after injection compared to Taxol Ò .
Jin et al. [30] prepared PLGA nanoparticles with PTX encapsulated and determined cytotoxicity in two hypoxic human tumor cell lines, namely, breast carcinoma (MCF-7) and carcinoma cervices (HeLa). Based on the results obtained, the authors concluded that PTX-loaded PLGA nanoparticles may be considered a potential drug delivery system to eradicate hypoxic tumor cells, once this formulation retained its bioactivity to block cells in G2/M phase and exhibited cytotoxic effect on both cell lines and its cytotoxicity was more significant than free PTX.
Besides that, the surface of nanocarriers systems can be functionalized with active ligands, such as monoclonal antibodies, transferrin, folate, peptide or aptamers for targeting purpose, which, in turn, will further increase the tumor uptake and decrease the side effects of the drug. [27, 28] For this purpose, Eloy and coworkers [31] developed functionalized liposomes with antibodies (Trastuzumab) containing PTX and rapamycin (RAP). The results of this study revealed that the immunolipossomes better controlled the tumor growth owing to higher cell uptake when compared to the control groups. Therefore, breast cancer-targeted immunoliposomes have potential for further clinical evaluation.
Teow et al. [32] investigated the ability of a third-generation (G3) polyamidoamine (PAMAM) dendrimer-based carrier to enhance the permeability of PTX and to overcome cellular barriers. The surface of dendrimers was modified with lauryl chains and conjugated with PTX via a glutaric anhydride linker. The authors suggested that G3 and surface-modified G3 PAMAM dendrimers can act as potential nanocarriers to enhance the permeability of poorly water-soluble drugs (e.g. paclitaxel) that are P-gp efflux transporter substrates. Thus, the dendrimer-based prodrug might be of great interest for the development of delivery systems containing PTX to overcome challenging biological barriers.
Emami et al. [33] developed a receptor-targeted micelle based on tocopherol succinate-chitosan-polyethylene glycolfolic acid (TS-CS-PEG-FA) and loaded with paclitaxel. They observed that the folate on the surface of the micelles significantly increased the cytotoxic effect of PTX due to folate receptor-mediated endocytosis. Furthermore, the tissue distribution studies revealed the PTX/TS-CS-PEG-FA micelles displayed prolonged residence time in blood circulation and increased accumulation of the drug in tumor tissue.
Sahoo and collaborators [34] conjugated transferrin into a nanoparticle paclitaxel loaded to assay the efficacy in prostate cancer. The authors demonstrated that the encapsulation of PTX in the nanoparticles reduced tumor growth, and the use of transferrin enhanced the cellular uptake of the nanoparticles, evidencing that the transferrin conjugation is mediated by the transferrin receptors.
American BioScience, Inc., Santa Monica, California developed a new commercially available formulation where paclitaxel is bound to albumin nanoparticles with particle size of 130 nm. This formulation uses the natural properties of albumin to reversibly bind paclitaxel, transporting it across the endothelial cell and concentrate it in areas of tumor. The advantages of Abraxane Ò are the use of albumin as a vehicle to eliminate the solvent-related toxicities and consequently eliminates the need for steroid and antihistamine premedication, besides that, this formulation does not use Cremophor in the suspension, reducing toxicity and thus the infusion duration. [35, 36] 
Analytical methods
The advances in research related to the development and improvement of certain drugs have led to a growing interest in the analytical field that addresses methodologies that aim to quantify and identify molecules in different matrices. Furthermore, the need to optimize or create methods focusing on better analytical signal of interest, lower consumption of reagents and solvents or shorter analytical times are important factors that should be taken into consideration. Altogether, an optimized analytical method demands lower use of resources and avoids laborious procedures, as an attempt to avoid analytical errors and consequently problems in validation of methodologies. [37, 38] Several analytical methods have been described in the literature for the quantification of PTX in different matrices. These methods include, for instance, immunoassays, micellar electrokinetic chromatography (MEKC), tubulin-based biochemical and chromatography-based assays, described in the next topics. Most of techniques involve the use of high-performance liquid chromatography (HPLC) coupled with UV or MS detector, possibly due to the higher sensibility and resolution, as well as the ability to work with matrices of different types, assisting in analyzes where there may be possible effects of matrices and interference. In addition, the HPLC technique is used as a standard in the pharmaceutical industry and is recognized as a standard method in American pharmacopeia. [39] In the immunoassays method, that is reported for quantification in biological samples, [40] [41] [42] [43] [44] the process consists of one reaction that binds paclitaxel to an antibody followed by incubation to form an immune complex. This complex is separated from the unbound reagent by physical or chemical separation technique and the analysis involve measuring the label activity (e.g. radiation, fluorescence or enzyme) in either the bound or free fraction. [45] For PTX, this methodology expresses very slow developments in the past decades, which could be attributed to the excessive pre-treatment, which is laborious and time consuming, despite having similar sensibility and selectivity compared to LC-MS/MS.
Tubulin-based biochemical assay, a separation-free homogeneous method, offers low analysis time and minimal sample pretreatment, but the sensitivity is limited compared to HPLC-UV or HPLC-MS. [43, 46] The technique was explored for quantification of paclitaxel by Hamel et al., who measured hydrolysis of labeled GTP to GDP, since GDP formation is concentration dependent of paclitaxel and it is possible to find a linear relationship between them. [43 . In a second approach, Morais et al. measured paclitaxel by the change in fluorescence polarization response by the binding of paclitaxel to tubulin rhodamine, finding a linear response concentration range of 25.6-299 ng/ mL of PTX. [46] Micellar electrokinetic chromatography (MEKC) was used to quantify PTX in human plasma, serum, plant extract and urine. [47] [48] [49] [50] The technique consists of a separation method in which micelles act as a pseudo stationary phase in a solution, usually coupled with UV detector for the signal response. MEKC requires smaller sample volume, consequently having higher LLOQ (lower limit of quantification) than obtained by most HPLC-UV analysis [51] ; however, this technique requires less solvent waste and shows good result if the matrix have taxines, which is a toxic alkaloid compound isolated from taxus spp., avoiding coeluting problems that exist in HPLC. [49] Comparative study of first-derivative spectrophotometry with ultraviolet detection (DS-UV) and HPLC methods for quantification of paclitaxel in liposomal formulation was proposed as an alternative method by Barbosa et al. for routine use. The DS-UV method was developed within the range of 200-400 nm with a 2-nm bandwidth, measurements were performed using the zero-crossing wavelengths in the first derivative of the absorbance spectra, measuring the amplitude at 246 nm. No significant difference was found between this approach and HPLC-UV results in the validation study. DS-UV provided and alternative method that is fast, simple and with low cost compared to HPLC-UV. [52] The analytical methods found in the literature for PTX quantification employing liquid chromatography(LC) usually employ reversed-phase C8 or C18 silica bounded columns. [53] The mobile phase generally consists of 50% or more organic solvents (v/v), with methanol (MeOH) or acetonitrile (ACN), which can be related with the stability of paclitaxel in nonaqueous solvents, since the compound can suffer degradation or epimerization in aqueous solution. [54] [55] [56] Moreover, the increase of eluent strength using organic solvents can lead to shorter LC analysis time. [57] Additives, such as buffer, acids or bases, are commonly used with the purpose of improving selectivity, separation, better peak shape or to improve the observed signal. Tables 1 and 2 summarize some of the methods found in the literature regarding the type of matrix, detector, column, mobile phase and retention time. Regarding the common detectors in LC, for UV, absorbance is generally measured at 227 nm, a wavelength in which the maximum absorption occurs from its baccatin III ring structure, representative of the taxanes structure. [7] In MS, the ESI ionization was compared and it appears that ionization in positive mode results in an optimal analytical response, [58, 59] since paclitaxel has more hydrogen acceptors than donors, [57] besides that positive mode can result in better intensity.
Conclusion
A great number of analytical methods have been reported in the literature for quantification of paclitaxel in a wide diversity of matrices, including delivery systems and biological matrices. Among these methods, immunoassays show good sensibility and selectivity, like LC-MS/MS, but the time consumed in the pre-treatment limits their application. Tubulin-based biochemical assay overcomes this problem, but has low sensibility compared to HPLC-UV or HPLC-MS, whereas MECK presents the possibility to quantify PTX in presence of taxines, but has lower LLOQ than most HPLC-UV methods and DS-UV, which can be very useful in routine analysis. Most of methods report the use of HPLC with UV or MS detectors, mostly because these techniques can fulfill the requisites of sensitivity and selectivity needed in most analysis, but even in these methods, the methods need to be optimized due to the possibility of matrix effect and the due to the amount of recourses available.
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